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Abstract. The kinetics of cell turnover for mye- Upon their isolation from normal murine bone mar-
loid/monocyte cells that form colonies in agar (GM- row, myeloid/monocytic cells that form colonies in
CFQ were measured through the progressive in- agar (GM-CFC) represent a heterogencius popula-
crease in their sensitivity to 313-nm light during a tion [1-3]. These heterogeneities can be detected
period of cell labeling with BrdCyd. Two compo- through physical properties of the cells [1, 21, dif-
nents of cell killing with distinctly separate labeling ferences in membrane receptors [4-61, or the relative
kinetics revealed both the presence of two genera- porportion of cells in the various phases of the cell
tions within the GM-CFC compartment and the cycle [7, 10, 141. The separation of GM-CFC sub-
properties of the kinetics of the precursors of the populations based on buoyant density [2, 8], sedi-
GM-CFC. These precursors of the GM-CFC were mentation velocity [11, S-phase content [7, 10], or
not assayable in a routine GM-CFC assay when .heir toxic response to specific drugs [7, 9] has led
pregnant mouse uterus extract and mouse L-cell- several workers to conclude that the basis for the
conditioned medium were used to stimulate colony hetr-geneity in GM-CFC may be either the prolif-

1g; formation but were revealed by the labeling kinetics erative future of the cell or the state of differentiation
CC of the assayable GM-CFC. Further, these precursor [11-13]. As an example, colony size, which is pre-
Scells appeared to enter the assayable GM-CFC pop- sumably related to the proliferative future of the

ulation from a noncycling state. This was evidenced colony-forming cell, has been recently shown to
by the failure of the majority of these cells to in- identify a relatively distinct population of the GM-
corporate BrdCyd during five days of infusion. The CFC [9, 13]. Using this discriminator, Bradley and
half-time for cell turnover within this precursor co-workers identified a minor GM-CFC subpopu-
compartment was measured to be approximately lation, the, "high-proliferative-potential colony-
5.5 days. Further, these normally noncycling cells forming unit" (HPP-CFC), which appears to be a
proliferated rapidly in response to endotoxin. High- candidate precursor for the majority of the GM-
proliferative-potential colony-forming cells (HPP- CFC [9, 131. These cells, optimally expressed as
CFC) were tested as a candidate for this precursor colonies only in the presence of human serum and
population. The results of the determination of the spleen-conditioned medium, are largely resistant to
kinetics for these cells showed that the HPP-CFC S-phase-specific cytotoxic agents [9, 13, 15].
exist largely in a G state, exiting at an average rate In recent work, while measuring the cell-cycle ki-
of once every four days. The slow turnover time for netics of the GM-CFC under conditions that limited

0these cells and their response to endotoxin challenge the expression of HPP-CFC, -we observed a sub-
are consistent with a close relationship between the population of GM-CFC t~pt appeared to have re-

LU HPP-CFC and the G. pool of cells that is the direct cently come from a pool of noncycling cells [14].
S precursor of the GM-CFC. Since this transition is likely to be important to the

Kunderstanding of the relationship between the HPP-
S Key words. HPP-CFC - GM-CFC - Brdird - Kinetics CFC and the general GM-CFC population, we have

examined in detail the BrdCyd-labeling kinetics of
Views presented in this paper are those of the authors; no en- the cell populations involved.
dorsement by the Defense Nuclcar Agency has been given or To examine these kinetics, the changes in sensi-
should be inferred. tivity of GM-CFC and HPP-CFC to 31 3-nm light
Research was conducted according to the principles enunciated were measured over an extended period of BrdCyd
in the "Guide to the Care and Use of I.brtr Animesremveanlxenesprodo."dy
prepared by the Institute of Laboratory Animal Resources, Na- infusion. The kinetics for the dcvelopment of 313-
tional Research Council. nm light sensitivity for initially ultraviolet (UV) re-
Address reprint requests to: Dr. M.P. Hagan, Experimental He- sistant GM-CFC are consistent with these cells hav-
matology Department, Armed Forces Radiobiology Research In- ing recently entered the cell cycle from a pool of G.
stitute, Bethesda, MD 20814, USA. cells. In addition, the turnover time for this pool of
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G, cells and their response to endotoxin challenge consisted of connaught md" Research Laboratory (CMRL,
ame consistent with adcose relationship between the Toronto. Canada) 1066 medium containing 10% (vol/vol) feta
cells within this 0., pool and the HPP-CP (9, 13). Oalfacruifi.5% (vol/val) horse serum, 5% (wt/voi) trypticase soy

broth, 20 SIMI r-apaaea and antibiotics. Aftr 10 days of
incubatlont at 37C in 5% humidfied CO2 in air, OM.C was

Material ~~~ ~R aI metod screascloifeofMantha SOcells. For HPP-CFC the-
Mafrwam w"double-Iler a technique was employed as by Metcalf and

Mice. 36D2F, female mice, 12-16 ,weeks ofap (Jackson. Latb- Jono 119), but fat splen cell-conditioned medium (CM) .and
PMUE we used as cokoy stimulants Single-cellsspnosoratory, Bar Harbor, ME), we used throushout. Control and of rat splees we prepared at a concentration of 16 x 10' cells

experimenal mice, randoimized with respect to ape, We main.
tained on a 6.00 AM to 6.00 FMa Ulb~AA r cycle Wayne La- nlofmdu.Th oeue.&pepared.a described by Metcalf and Johnson (191. Rat spleen CM

Bloxandhyprchorinteda~eweaailble d Uit~. Pior and PMUE wve each used as 6% (vol/vol) The culture medium
to ~ ~ ~ ~ ~ ~ " conditmieweacimtd olaoa o ns fo contained 23%hbeat-inectivated. pooled human serum. The mar-

two weeks. During this timeth ic we exami-. ned- and found low cells woe p1led at S x 10' cells/dish. An eyepiece paticule
to be ryee frmdsonof er spnemnac.lxado was used to assea colony mie. All colonies prester than 2 mm

oroparynal ~in disater we considered to be derivd from HPP-CFCs. Ex.
Brd~d laelin. Br~yd abelng hs ben decribd paimiaits we routinely prfrmed in triplicat with the ma

, 211. BrIfly BrdCyd labelin as accomplscished wt . and standard ervams repiorted on the Fgues The data in Figur
dwelling osmotic minip s fille withi 150 -m DrdCyd (Cal. 3 ersn duplicate expermemnts.

biochem-Behring, San Ding. CA) in sterile, pyrogen-fee water.
Minipumps (Aiza Corporation, Palo Mt., CA) we implantedI
subcutaneously on the doreal surfos during chloralbydrate an- Result

The time dependence of the BrdCyd labeling ofGM-
31-xm-ligh Lwadlion Muuine bone marrow cells, suspended CFC was measured for infuision periods of 1-8 days.
at 5.0 x 10' cellmI in Dulbeco bsht-urdslnw For these measurements, cell suspensions wmee x-

iirdlite wth i~~diomsti 334mllbt(04D bndwidh) posed to graded fluenes of 313-nm light, aft which
at a flux of 15.0 i/m-2/6r'. The Iraltc crscnited oaa

IkW Hg.Xe lamp (Oriel Corporationo the surviving fraction of GM-CFC was detenrsed.
through 80mnu of 1.0 x l10' Md#de and focused ont a mono- For each of the resulting survival curves, two com-
chromator (model 7024, Oriel Corporation), The flux was de- potients of UV sensitivity were detectable. As can
tennined with a model 8334A thermAOpil and mkimmewe be seen in Figure 1, there are two components of
(Hewleft-Packard, Palo Alto, C4', cell survival, the more resistant observed for flu-

GMI-CFC am'. On each day oft Ithe uinson period, cel saspen- ences gmeter than 200 J1m2. The proportion ofcells
sionsweprepared of poid axiilyderb-ed bornemanmow s o more resistant to 313-n light decreased from ap-
the femurs of three mIc O'Gd-CPC [JIM we assayed by the proximately 70% aft one day of ifusion to ap-
double-layer apr techque The ape medum ws plated1int proximately IS% aft eight days.
60mm plas*cPed dlheaaslb ll boflom laW, 2x inlO% This decease in the size of the resistant popula-

dium,~ ~ ~ ~~ 2 ml~p premsnlousrteni evrc 1) 5 ie. tions was finiher analyzd by plotting in. Figure 2
L-ceI-cnditcne me ium t.8) top layer, I ml of 0.66% apr the proportion of313-nm-Iiobt-resistant cells versus

and 1 aldobesrnt meim oble-trengel medium time. GM-CFC survva values at a fluence of -300
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Fil. 2. Decrease in the proportion of GM-CFC resistant to 313- 0.06

nm light (see text). The fraction ofresistant GM-CFC is estimated
from the fraction of GM-CFC surviving a fluence of 300 J/m- 2.

Pump dead time represents the time from the implantation of
miniptimps to the time at which BrdCyd is present in the pe- 0.01 ,?

riphenti blood. FIg 4. Effect of endotoxin (ETX) on GM-CFC survival after
BrdCyd/313-nm-ligh treatment. Endotoxin was administered (we
Materials and methods) 24 h after the implantation of mini-
pumps. For comparison, the survival data (shown by the dashed
.'ne in A) represent normal GM-CFC after 48 h of BrdCyd in-

as above. By normalizing to unity the survival values
5 at 300 J/m- 1 (i.e., fluence value of the secondary

shoulder), one sees in Figure 3 that no significant
6 change in the fluence value of this shoulder region

4 occurs during the eight days of BrdCyd infusion.0.11 . . . 1 The significance of these shoulder regions will be
oLEN1 i0 , l 6o 0 2o addressed later in detail.

Fir 3 Suvial f he TVreistntcomonnt f he MFC To determine whether either GM-CFGC popu-

population. The data presented in Figure I were normalized to
unity at a fluence value of 300 J/m -1. The resultant survival endotoxin was administered to a group of mice 24
cvrves are indicated by a number corresponding to the number h after the implantation ofBrdCyd-containing mini-
of days of BrdCyd infusion. pumps. The intraperitoneal administration of 2.5

ug/mouse of Salmonella typhosa endotoxin pro-
J/m- 2 were used to estimate the proportion of coi- duced changes in two of the survival curve char-
ony-forming cells in the resistant cell population. acteristics described above. The data in Figure 4A
From the resulting curve, one notes that initially show that the fraction of 313-nm-light-resistant cells
none of the GM-CFC are sensitized to 313-nm light, dropped to approximately 15% 24 h after th, endo-r
Over the initial two days of BrdCyd labeling, how- toxin challenge and was essentially unchanged over
ever, approximately 55% of the GM-CFC rapidly the subsequent five days of infusion. In addition,
became sensitive to 313-nm light while the remain- the sensitivity of this population to 313-nm light
ing 45% were sensitized considerably more slowly, appeared to increase with time; that is, a comparison
The slowly labeled component demionstrated a half- of the width of the shoulder at the 15% survival
time for labeling of 5.5 days. In addition to the level revealed a measurable decrease as the period
decrease in the 313-nm-light-resistant cell popula- of infusion increased. This shift in the shoulder val-
tion, two other characteristics of the survival data ue contrasts directly with the data for the nonchal-
in Figure 1 are of interest. First, for fluence values lenged hosts, viz., Figure 3.
less than 100 J/m-2 , a shoulder appears on the day- I Both the Go nature and the responsiveness to i
and day-2 survival curves. This shoulder was re- endotoxin of the GM-CFC precursor cell are char-
duced to less than 50 J/m - 2 for the survival curve acteristics associated with the HPP-CFC [13, 20].
determined at day 4 and eliminated by day 8. It was decided, therefore, to measure the kinetics of
Secondly, the fluence value of the inflectinn in the BrdCyd labeling ofthis cell type. The HPP-CFC was 6
survival curve appears not to be a function of the cultured and identified with the techniques detailed
infusion period. This inflection identifies the in Materials and methods. Additional confirmation
313-nm-light-resistant cell population described of the HPP-CFC was provided through the small
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Table 1. Decrae in femoral cotest' of HPP-C sad GM- A Ruer~c. JimI
CFC 2 h afte injection with hydrorynre (HU) 100 200 300 400 500 600

HPP.CFC GM-CFC1 0.6
.L

% Dt- % De- 0.4
Pr a n s ao crean Pr-Hua Post-Ha e create r

1) 6471 $803 10.3 11.531 13,496 27.2 0.20 2 4 6 3 10 12
2) 8301 8 I0 2.6 20,639 11.844 42.8 perfrme .W3) 5420 4607 15.0, 18,432 11,300 38.4
4) 7175 6583 8L3 36,600 17,460 52.3

Mean9. 1 *2.6 Moon40.2 *S.20.Daf

frMean vaues from four individual replicate experiments are
shown. Four mice were used per replicate. Femoral contents 04
were pooled. HPP.CF and GM-CF assays wer performed
on the same marrow samples.

bHu. 900 nugku, was injected intraperitoseafly.

fiaction of these cells sensitive to hydroxyurea, a 0.06:
characteristic of the HPP-CFC [13]. The data, shown 0.04o
in Table 1, relate this property and agree well with
the published differecebetweenGM-Cand HPP- .2
CFC [131. If, indeed, the HPP-CFC form this pool
of cells that are precursors of the GM-CFC, then 0 186 200 300 4o 500 600
they should survive the BrdCyd/3 13-nm-light treat- Flue c. J/m"
merit in a predictable manner. Theyshould be non- fts. Suvival ofHPP-.CFCafter BrdCyd/313-nm-light treat.
cycling. Therefore, there should be no S-phase pop- ment. (A) Theomtica survival curves for the precursor of the
ulation to give rise to a shoulder at 200-300 J/m2. GM-CFC. Minimum (pUate@ values in survival were deter.
Further, a plateau in survival should be present for mined from the data in Fe 2. (3) Actual survival data for
each infusion period. This plateau value should de the HPPCFC (0) and GM-CFC (0) for the infllsion periods

shown. HPP-CF data points represent the mean value ±t I SEcreas at the rate shown in Figure 2. Survival curves for duPlicateexperimentsn -6 GM-CFC data Points are mean
illustrating this ideal behavior and actual HPP-CFC values from duplicate samples.
survival data are presented in Figure S. In Figure
5A, survival curves with no shoulder, and a mini- From the data in Figures 1-4, four characteristics
mum or plateau are shown for increasing periods of of the BrdCyd labeling can be defined. First, as ex-
BrdCyd labeling. When these plateau values are pected, the fraction of the GM-CFC initially resis-
plotted against their asociated infusion periods, the tant to 313-nm light is near unity. During the '44
resulting simple exponential curve mimics the curves BrdCyd-labeling period, however, this UV-resistant
shown in Figure 2. The survival curves for the HPP- fraction decreases. The pattern of this decrease in
CFC shown in Figure SB were derived from the survival discloses two subpoptuations with signifi-
mean values of duplicate experiments. Also shown cantly differing labeling kinetics. The more rapidly
for comparison are the survival curves for the GM- labeled GM-CFC subpopulation comprises approx-
CFC population measured from the same pool of imately 55% of the total GM-CFC and the more
cells as one of the HPP-CFC determinations, slowly labeled cells comprise the remaining 45%.

Secondly, the sensitivity to 313-nm light of the UV-
T epresent w k o sresistant subpopulation does not change with time.

However, a steady-state decrease is seen in the pro-
The present work reports the vel survival response portion of ceils resistant to 313-nm light. This de-
after BrdCyd/313-nm-light treatment of GM-CFC crease is approximately exponential with a half-t'ne
derived from m urine bone m arrow. BrdCyd infu- of 5.5 days. Third, the proportion of UV-resistant
sion was used to effect BrdUrd labeling via the in cells decreases markedly in the first 24 h for mice
vivo deaminalion of BrdCyd (21, 221. The kinetics injected with endotoxin. Lastly, in contrast with the
for the BrdCyd labeling have been determined by normal steady-state response, Lice injecd with
measuring the time rate of change in sensitivity to endotoxin exhibit an increase in the sensitivity of
313-nm light of the GM-CFC population, the UV-resistant GM-CFC component; this effect
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is observed by a decreasing shoulder value with in-
creasing periods of BrdCyd infusion. - W AI# 1 WiAIoO 2

To interpret these results, it is first necessary to 0
consider the possible routes for the in vivo BrdCyd V)
labeling ofany population of proliferating cells. From CYCUNG

data obtained in vitro [22], one knows to expect two
components of BrdCyd labeling, both with rapid
kinetics (i.e., half-times of less than one cell cycle). PCURSON COMPATMENT aMCFC
These two components arise through (a) the incor- ,. GIW 1. GROW ACTIONIS N ,1AMATY
poration by cells in the S-phase of a sufficient amount 04.L T, IE , 0 %OF Tml TOT.L

of BrdUrd to be conditionally lethal upon exposure IS LE TT, I.

to UV light, and (b) the progress into S-phase of Fig. 6. Kinetics model for GM-CFC production (see text for
cells initia!ly not synthesizing DNA. However, in explanation).
vivo a third route (viz., the differentiation into the
compartment being assayed of cells labeled in the a
precursor cell compartment) represents an alternate a 5.5-day half-time for the turnover of the Go cell
pathway for the accumulation of labeled cells. This pool. Furthermore, the GO nature of the precursor
pathway for the accumulation of BrdUrd-labeled of the GM-CFC requires the precursor population
cells appears to be apropos for the UV-resistant GM- to be either fully labeled or completely unlabeled
CFC. Unlike the data for experiments performed in with BrdCyd. This point will be important later.
vitro, which show near-maximum sensitivity to 313- The GM-CFC prectusor pool was also manipu-
nm light after one or two generation times, the data lated through its response to a stimulus to prolif-
presented here show a population of GM-CFC that erate. After the administration of endotoxin, this GO
is fully sensitized only after some eight or more days, pool was exhausted. Whether this occurred through
a period much longer than the GM-CFC generation cell proliferation or cell mobilization from the mar-
time that would be estimated from the results of row cannot be determined from these data alone.
suicide experiments, viz., approximately 12 h [23]. The effect of each would be the same; viz., each
Moreover, the UV sensitivity of this population does process would remove unlabeled GM-CFC from the
not change with time, yet it has been shown earlier population responsible for the time-dependent in-
that these cells have an S-phase fraction of approx- crease in sensitivity to 313-nm light. Interestingly,
imately 50% [14]. Thus, these cells are not them- after the administration of endotoxin and the sub- A
selves postmitotic. Since these GM-CFC are cycling sequent depletion of the G. pool, a time-dependent
in the steady state but are "seeing" the BrdCyd label increase in sensitivity to 313-nm light occurred (Fig.
for the first time, it is likely that they have recently 4). This effect was most likely due to a recent episode
entered the assayable GM-CFC compartment from of DNA synthesis for the cells filling this GM-CFC
a noncycling, or G0 , population not assayable under precursor pool. This increased sensitization, to UV
the same conditions. 

light may also occur in the absence of an endotoxoin

If the GM-CFC that are initially resistant to 313- challenge and simply have been obscured in the un-
nm light are supplied to the GM-CFC compartment challenged animal by the presence of the large frac-
directly from a pool of proliferating cells, their UV tion of precursor cells that are normally in a Go-
sensitivity would presumably increase with time. phase and thus are not labeled by the BrdCyd.
Thus, in time, the fluence value for the shoulder Therefore, this increase in sensitivity to UV light
region of the survival curve would decrease and the apparently induced by the endotoxin may not be Li
slope of the survival curve would increase. This does dependent upon the endotoxin challenge but may
not happen. If the precursor population were com- only have been rendered detectable by it.
posed largely of a GO fraction, however, those GM- A model that is consistent with these findings is
CFC derived from the GO would possess just such presented in Figure 6. Although the model is quite
properties as desciibed for the slowly labeled 313- general, it is constrained at several points by the
nm-light-resistant cells; that is, the shoulder value present data. For example, the model has been lim-
would not change with time, but the proportion of ited to two generations of GM-CFC by the high
resistant cells would. Furthermore, the rate of the percentage of GM-CFC that appear to be in the first
decrease with time of the proportion of these cells generation of labeling (i.e., 45% shown in Fig. 2).
resistant to 313-nm light implies that the precursor Furthermore, the GO pool is shown as a precursor
population is itself supplied at a rate consistent with pool and not a GM-CFC reservoir. This is due prin-

0
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cipally to the high S-phase content of both GM- be a GM-CFC contaminant of the HPP-CFC assay.
CFC moieties [14]. The previously reported lower In fact, such a contaminant has been reported by
buoyant density of the OM-CFC that are being Ia- others when human serum and mouse spleen-con-
beled for the first time is a further indication t. ditioned medium are used to induce the expression
first-generation GM-CFC are progeny of the phyb- of HPP-CFC [ 13]. Using the plateau survival values
iologically distinct precursor pool [2, 3, 141. The from Figure 5, the half-time for turnover of the
final constraint upon the model is that the GM-CFC HPP-CFC is approximately four days. These quan-
compartment is being fed by a separate cell type and titative differences notwithstanding, the qualitative
not by self-renewal. This property has been sug- pattern of survival of the HPP-CFC after BrdCyd/
gested by others on the basis ofthe inability to prop- 313-nm-light treatment is consistent with the pre-
agate GM-CFC in vitro [24,251. Here, the evidence dictions made for the GM-CFC precursor. Although
against self-renewal is that first-Sgention GM-CFC these data support the notion that the HPP-CFC
are labeled much more slowly than the rate at which give rise to the GM-CFC, there is no indication from
the GM-CFC are cycling. Self-renewal in the GM- these assays of the nature of the proliferative cell
CFC compartment thusappears to be limited to, at population that supplies the HPP-CFC. The present
most, two generations. data suggest that, if the HPP-CFC is the precursor .

The cell kinetics of one candidate for the GM- of the GM-CFC, then the HPP-CFC must be sup- ,
CFC precursor, the HPP-CrC [9, 131, were mea- plied from a proliferative cell compartment at a rate
sured, and the data are presented in Figure 5. This that, in the steady state, is consistent with a 5.5-day
cell type has previously been shown to be both slow- half-time for cell turnover.
ly proliferating, ifat all, and responsive to endotoxin
challenge [201. Both of these are properties consis- Ackuewledgment
tent with the data presented here for the GM-CFC
precursor. Further, from the present data, both qual- Thiswark has been wppoeed by the Armed Forces Radiobiology
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